INTRODUCTION
Partially folded states of some proteins at equilibrium were first recognized in the early 1970s. 1 Interest in these states increased when it was determined that for different proteins they share common physical properties: compactness, native-like secondary structure and lack of rigid tertiary structure. The label 'molten globule' emerged years later from work of
Ogushi and Wada on salt-induced globular state of cytochrome c at low pH. 2 Over the years, the label 'molten globule' has been assigned to partially folded proteins produced by a number of means: variation of the solvent conditions, removal of ligand or prosthetic group, temperature, pressure, chaperons, etc. 3 Classification of these equilibrium compact states as molten globules is usually not based on studies of their conformations but on indirect measurements of hydrophobicity and the averaged ensemble properties such as fluorescence intensity, CD and absorbance.
Today, it is generally accepted that there is a wide diversity in molten globule states. This diversity depends on the individual protein species involved and the experimental condition used to generate the molten globule state. 4 Molten globules that are somewhat ordered and retain tertiary contacts of the native state can be and have been studied by NMR. [5] [6] [7] For most molten globules, however, NMR properties are much more like unfolded proteins due to large conformational fluctuations. Extensive conformational heterogeneity and increased dynamic averaging preclude observations and any meaningful interpretations of distancedependent nuclear Overhauser effects (NOEs), 8 rendering most molten globule states not amenable to NMR investigations.
It has been proposed that the molten globule state is a common intermediate that occurs early in the folding pathways of globular proteins. 9 Recently, it has been suggested that in some cases molten globules correspond to late-folding intermediates. 4,10 More detailed characterization of molten globules and protein folding intermediates is necessary to clarify the relationship between the two species.
Molten Globule of Cytochrome c
Cytochrome c was the first protein in which a globular state induced by salt at low pH was named a "molten globule 2 ". Goto et al. later demonstrated that the conformational transition from acid-unfolded protein to this globular state is mediated by anion binding. 11 The structure of the cytochrome c molten globule state was shown to depend strongly on the size of the added anion. 12 In addition to salts, polyols 13 and some alcohols 14, 15 have been shown to stabilize the molten globule state in cytochrome c at low pH.
We have investigated the conformation of Saccaromyces cerevisiae iso-1 cytochrome c 
MATERIALS AND METHODS
The materials and methods relevant to this chapter are described in the corresponding section of Chapter 2. Those introduced in this chapter are described below.
Circular Dichroism
Circular dichroism data were acquired using an Aviv Model 62ADS spectropolarimeter equipped with a thermostated sample holder. Spectra were collected at 22°C unless specified. 
Thermal Denaturation
For the thermal unfolding transition of the DNS(C102)-cyt c molten globule, the ellipticity at 222 nm was recorded from -1°C to 80°C at 1°C intervals (0. data points was about 8 min. Reversibility was confirmed by running the reaction in reverse back to the initial temperature or by cooling the sample to the initial temperature, revisiting a few data points, and comparing the ellipticity to the prior value.
Small-Angle X-ray Scattering (SAXS)
SAXS measurements were made using the Beam Line 4-2 at the Stanford Synchrotron Radiation Laboratory. [19] [20] [21] The sample cell used was 15 µL in volume with mica windows. It 
Fluorescence Decay Kinetics
Fluorescence decay measurements were performed using the third harmonic of regeneratively amplified, mode-locked Nd-YAG laser (355 nm, 50 ps, 0.5 mJ) for excitation and a picosecond streak camera (Hamamatsu C5680) for detection. Magic-angle excitation and collection conditions were employed throughout. DNS fluorescence was selected with a long-pass cutoff filter (>430 nm). The C5680 was used in photon counting mode. Data were collected at several protein concentrations (300 nM to 3 µM) to check for aggregation and 
RESULTS AND DISCUSSION

Circular Dichroism
As expected, the molten globule has very similar helix content to the native state, whereas the acid-denatured protein exhibits no secondary structure (Figure 5.1) . The CD spectrum in the aromatic region (260-300 nm) shows two sharp peaks (282 and 290 nm) from tryptophan and/or tyrosine 23 for the native state; it is featureless for both the acid-denatured (pH 2) 
Absorption Spectroscopy
In the native state, the heme in DNS(C102)-cyt c is low-spin with Met80/His18 axial coordination. The Soret band is centered at 410 nm, and the Met80 Fe(III) charge-transfer transition is clearly visible at 695 nm (Figure 5.2) . In the acid-denatured state, the protein is high-spin, that is, neither Met80 nor His18 is coordinated; [25] [26] [27] both the Q-bands and the Soret absorption blue shift from their positions in the native state. The Soret is centered at 396 nm, and there is a band at 620 nm attributable to an electronic transition in a high-spin heme. 28 The Soret band is centered at 400 nm in the spectrum of the molten globule, and the c molten globule is believed to be mixed spin, with His18 coordinated to iron in both spin states; Met80 is coordinated in the low-spin species, but not in the high-spin state. [24] [25] [26] 29 
Thermal Denaturation
Far-UV CD spectra show that the thermal unfolding transition of the DNS(C102)-cyt c molten globule at pH 2 is cooperative (Figure 5.3 transition of the cyt c (C102T mutant) molten globule. 30 The transition in DNS(C102)-cyt c is more than 90% reversible. The thermal unfolding transition of the molten globule of C102S mutant, (0.33 M Na 2 SO 4 /H 2 SO 4 , pH 2, data not shown) however, showed somewhat more cooperativity.
Small-Angle X-ray Scattering (SAXS)
The SAXS method is sensitive to size, compactness and shape of a scattering macromolecule. The scattering intensity from a protein in solution, however, is low due to a competing scattering from the solvent. It is on the order of 10% of what the scattering from a protein would be in vacuo. 21 Hence SAXS measurements on small proteins require large quantities of protein with concentrations of proteins on the scale of 0.5 mM per sample.
These high protein concentrations frequently lead to aggregation, in addition to radiationinduced damage and radiation-induced aggregation, which render SAXS measurements not possible for many proteins. Horse heart cytochrome c Figure 5.7. Na 2 SO 4 induced changes in the distribution of the luminescence decay rates (P(k), right) and D-A distances (P(r), left) in DNS(C102)-cyt c (pH 2, 22°C). Kinetics data fit using ME algorithm. 
